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ABSTRACT 

While  neurobehavioral  effects  of  acute  exposure  to  toxic  levels  of  chemical  warfare  nerve  agents 
(CWNA)  have  been  characterized  (e.g.  [8]),  much  less  is  known  about  the  effects  of  repeated  exposure  to 
non-convulsive  levels  of  CWNA.  In  Exp.  1,  male  mice  that  received  repeated  exposure  (1/day  x  5 
days/wk  x  2  wk)  to  0.4  LD50  of  the  nerve  agent  VX  had  much  lower  activity  in  the  home  cage,  relative  to 
saline  treated  mice,  with  activity  levels  gradually  reaching  that  of  control  by  6  weeks  post-exposure.  In 
Exp.  2,  repeated  exposure  to  0.2  LD50  and  0.4  LD50  VX  in  male  and  female  mice  reduced  activity  in  a 
novel  open-field  test  10  days  following  the  last  VX  exposure.  These  findings  indicate  long-term 
performance  deficits  following  exposure  to  non-convulsive  levels  of  VX. 

INTRODUCTION 

Chemical  warfare  nerve  agents  (CWNA)  are  highly  toxic  organophosphorus  (OP)  chemicals  that 
irreversibly  inhibit  many  serine  esterases,  including  acetylcholine  esterase  (AChE)  in  the  central  and 
peripheral  nervous  system.  Prolonged  inhibition  of  AChE  increases  acetylcholine  (ACh)  at  neuronal 
synapses  and  at  the  neuromuscular  junction,  and  can  cause  acute  toxicity.  Toxic  symptoms  include 
convulsions,  tremors,  and  bronchial  constriction,  which  can  then  lead  to  asphyxiation  and  death  [21].  In 
addition,  symptoms  of  sleep  disturbances,  psychomotor  retardation,  and  intellectual  impairment  have 
been  reported  following  OP  exposure.  Pathological  changes,  including  neuronal  necrosis  and  axonal 
degeneration,  are  present  in  the  hippocampus  of  rats  surviving  acute  soman,  with  most  behavioral  and 
neuropathological  effects  of  CWNA  observed  only  in  animals  that  display  seizures  [13,14,20]. 

While  acute  effects  of  CWNA  on  cognition  and  behavior  are  well  characterized,  much  less  is  known 
about  the  effects  of  repeated  exposure  to  sub-toxic  levels  of  CWNA,  including  VX  (O-ethyl  S- 
[2(diisopropylamino)ethyl]methylphosphonothioate).  Most  of  the  available  literature  on  repeated 
exposure  to  low  levels  of  organophosphorus  compounds  (OP)  in  humans  is  based  on  findings  of  repeated 
exposure  to  pesticides,  some  of  which  may  elicit  similar  pathology  but  are  typically  much  less  toxic  than 
CWNA.  Repeated  pesticide  exposure  has  been  linked  with  increased  anxiety,  depression,  and  fatigue,  as 
well  as  impaired  psychomotor  function  [10,16],  and  subtle  cognitive  deficits  [15].  Incidents  such  as  the 
release  of  sarin  in  the  Tokyo  subways  [18]  and  the  destruction  of  an  ammunition  depot  containing  sarin 
and  cyclosarin  potentially  exposing  civilians  and  soldiers  to  low  level  of  CWNA  (reviewed  in  [12]),  have 
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increased  awareness  of  the  need  to  understand  the  short-and  long-term  effects  of  sub-lethal  CWNA 
exposure. 

Acute  exposure  to  toxic  levels  of  soman  decreases  locomotor  and  rearing  activity  in  mice  [4],  and 
impairs  spatial  memory  in  rats  [11].  In  mice,  Bailie  et  al.  observed  that  a  sub-convulsive  dose  of  soman 
decreased  locomotion  30  min  and  24  hr,  but  not  7  days  after  exposure  [2].  These  authors  used  the  total 
distance  traveled  in  an  elevated  plus  maze  as  an  index  of  locomotor  and  exploratory  activity.  In  rats, 
acute  exposure  to  sub-convulsive  levels  of  soman  and  sarin  reduces  activity  (rearing,  ambulation)  in  the 
open  field  for  at  least  one  hour  after  exposure  [17].  There  has  been  limited  research  on  the 
neurobehavioral  effects  of  toxic  or  sub-toxic  levels  of  VX.  We  hypothesized  that  repeated  exposure  to 
sub-convulsive  doses  of  VX  would  reduce  motor  activity  in  mice. 

In  the  current  experiment,  we  evaluated  whether  repeated  exposure  (5  days/wk  for  2  wks)  to  sub- 
convulsive  levels  of  VX  affected  activity  within  the  home  cage  and  within  a  novel  environment.  We 
evaluated  home  cage  activity  (24  hr/day)  in  male  mice  following  repeated  exposure  to  0.4  LD50  VX  or 
saline.  In  addition,  we  measured  locomotor  and  exploratory  activity  in  male  and  female  mice  in  the  novel 
open  field  environment,  following  exposure  to  0.2  LD50  VX,  0.4  LD50  VX  or  saline.  Our  current  findings 
lend  support  for  long-term  motor  inhibition  effects  at  sub-convulsive  exposures  to  CWNA. 

METHODS 

OVERVIEW 

Principles  of  laboratory  animal  care  (NIH  publication  No.  85-23,  revised  1985)  were  followed. 
Research  was  conducted  under  protocols  approved  at  both  the  WRAIR IACUC  and  the  USAMRICD 
IACUC.  Mice  were  exposed  to  VX  or  saline  at  USAMRICD  over  a  2  week  period,  and  were  then 
transported  to  WRAIR  (61  miles  from  USAMRICD)  after  their  last  exposure,  for  behavioral  assessment. 
In  Experiment  1,  male  mice  were  placed  into  home  cage  activity  monitors  one  week  after  their  last 
exposure  to  0.4  LD50  VX  or  saline,  and  activity  was  continuously  monitored  for  the  following  four 
months.  In  Experiment  2,  male  and  female  mice  were  tested  for  exploratory  and  locomotor  activity  in  an 
open  field  test  one  week  after  the  last  exposure  to  0.2  LD50  VX,  0.4  LD50  VX  or  saline. 

ANIMALS 

Mice  (25-30  g;  Jackson  Laboratories)  were  group-housed  (6/ cage)  upon  arrival  at  USAMRICD 
under  reverse  light-dark  cycle  (lights  off  at  1100),  with  food  and  water  available  ad  libitum.  One  week 
before  agent  exposures,  mice  were  implanted  with  subcutaneous  identification  chips  (BioMedic  Data 
Systems,  Inc.,  Seaford,  Delaware).  Following  agent  exposure,  mice  were  transporte  to  WRAIR  and 
housed  under  reverse  light-dark  cycle  (lights  off  at  0900),  with  food  and  water  available  ad  libitum. 
During  transport,  gelpacks  were  provided  to  prevent  dehydration  and  cage  mates  were  transported  in 
together  in  each  box.  At  WRAIR,  mice  in  Exp.  1  were  individually  housed  in  Plexiglas  cages  48  x  27  x 
20  cm  in  size,  while  in  Exp.  2,  male  and  female  mice  were  housed  separately  (6/cage). 

DRUG  EXPOSURE 

In  Exp.  1,  male  mice  received  acute  subcutaneous  (s.c.)  injections  of  either  0.4  LD50  VX  (8.4  pg/kg; 
n=6)  or  saline  (n=6)  once  per  day  Monday  through  Friday  at  0830  +  1  hr  for  2  weeks,  totaling  10 
exposures.  In  Exp.  2,  male  and  female  mice  received  acute  injections  (s.c.)  of  0.2  LD50  VX  (4.2  pg/kg; 
n=13  male,  15  female),  0.4  LD50  VX  (8.4  pg/kg;  n=15  male,  13  female),  or  saline  (n=13  male,  12  female) 
once  per  day  Monday  through  Friday  at  0830  +  1  hr  for  2  weeks,  totaling  10  exposures.  Injection  volume 
was  1  ml/kg.  Dilute  agent  was  obtained  from  USARMICD’s  surety  issue  laboratory.  Agent  was  diluted 
in  saline  solution  (Phoenix  Scientific  Inc.)  and  aliquoted  into  vials  for  daily  injection  so  that  mice 
received  the  same  dilution  and  lot  over  the  course  of  the  two  weeks. 

HOME  CAGE  ACTIVITY  (Experiment  1) 

One  week  after  the  last  exposure,  home  cage  activity  was  monitored  24  hr/day  in  6  mice  from  each 
group,  using  a  Cage  Rack  System  (Photobeam  Activity  System;  San  Diego  Inst.,  CA).  The  total  number 
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of  photobeam  interruptions  was  used  to  indicate  total  activity,  while  two  successive  photobeam 
interruptions  within  1 0  sec  indicated  ambulatory  activity. 

OPEN  FIELD  TEST  (Experiment  2) 

One  week  after  the  last  exposure,  mice  were  tested  in  a  novel  open  field  test  (47  x  48  cm;  Accuscan) 
for  15  min.  A  60-watt  light  bulb  was  placed  90  cm  above  the  center  of  each  open  field  to  provide  a  bright 
area  in  the  center  of  the  open  field,  and  darker  areas  along  the  perimeter.  The  open  field  is  used  to 
measure  both  exploratory  activity  and  as  a  screen  for  anxiolytics.  Anxious  mice  tend  to  avoid  the  brightly 
lit  center  of  the  maze,  and  display  thigmotaxis  (wall  following),  in  which  they  closely  walk  along  the 
perimeter  of  the  open  field.  At  the  start  of  the  test,  the  mouse  was  placed  in  the  center  of  the  open  field. 
Sixteen  photocells  along  each  edge  of  the  open  field  recorded  the  mouse’s  position  and  movement. 

STATISTICS 

For  the  home  cage  activity  data,  a  repeated  measures  analysis  of  variance  (ANOVA)  was  used  with 
drug  treatment  as  a  between  factor  and  activity  measures  (total  activity,  ambulation)  as  the  repeated 
measure.  Since  there  was  a  significant  interaction  between  drug  and  day  of  activity  measure,  a  one-way 
ANOVA  was  performed  for  each  treatment  group,  and  t-tests  were  used  to  compare  activity  levels 
between  groups  on  each  day.  For  the  open  field  data,  a  two-way  ANOVA  was  used,  with  drug  dose  and 
sex  as  between  factors,  to  evaluate  different  measures  of  activity  (ambulatory  activity,  total  activity). 

RESULTS 

Although  mice  that  received  0.4  LD50  VX  did  not  have  convulsions,  these  mice  did  have  transient, 
mild  clinical  signs,  including  tremors,  fasciculations,  and  reduced  body  temperature  for  several  hours 
following  their  5th,  9th  and  10th  exposures.  In  the  subsequent  weeks  following  the  last  exposure,  there 
were  no  obvious  clinical  signs.  However,  we  observed  a  significant  and  robust  decrease  in  both  total  and 
ambulatory  activity  in  the  home  cages  of  mice  chronically  exposed  to  0.4  LD50  VX. 

Mice  that  were  chronically  exposed  to  0.4  LD50  VX  experienced  a  deficit  in  activity  relative  to 
saline-treated  mice  for  over  5  following  exposure  (Figures  1-2).  There  was  a  significant  interaction 
between  test  day  and  treatment  group  for  ambulatory  activity  (F  (16,  160)  =  5.34;  p<0.001)  and  for  total 
activity  (F  (16,  160)  =  2.33;  p<0.01).  For  ambulatory  activity,  levels  were  significantly  lower  in  VX- 
exposed  mice  for  5  weeks  following  exposure,  and  tended  to  be  lower  7  weeks  following  exposure.  For 
total  activity,  activity  levels  were  significantly  lower  two  weeks  following  VX  exposure  and  tended  to  be 
lower  four  weeks  following  exposure.  Following  a  large  initial  deficit,  activity  levels  gradually  increased 
post-exposure.  In  VX-treated  mice,  levels  of  ambulatory  activity  (F  (16,  80)  =  10.58;  p<0.001)  and  total 
activity  (16,  80)  =  5.29;  p<0.001)  increased  in  the  first  9  weeks  following  VX  exposure,  and  then  leveled 
off.  In  saline  treated  mice,  there  was  no  significant  change  in  activity  levels  over  the  course  of  the  study. 
As  expected,  mice  were  more  active  during  their  dark  cycle  than  their  light  cycle,  with  VX  inhibition  of 
activity  occurred  during  both  the  light  and  dark  cycle.  Inhibition  of  activity  was  more  apparent  during  the 
dark  cycle.  (Figure  3). 
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Figure  2.  C57BL/6  mice  that  received  repeated  exposure  to  0.4  LD50  VX 
(1/day  x  5  days/week  x  2  weeks)  displayed  less  total  activity,  relative  to 
vehicle-treated  mice.  Activity  returned  to  baseline  by  3  weeks  after  exposure. 
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Figure  3.  C57BL/6  mice  repeatedly  exposed  to  0.4  LD50  VX 
1/day  x  5  days/week  x  2  weeks)  displayed  less  total  activity  during  both  the 
dark  and  light  cycles,  relative  to  saline-treated  mice.  Activity  levels  in  the 
dark  cycle  reached  control  levels  by  6  weeks  post-VX  and  that  in  the  light 
cycle  reached  control  by  3  weeks  post-VX. 


A  similar  immobilizing  effect  of  VX  was  observed  in  the  open  field  in  both  male  and  female  mice  1 
week  after  the  last  VX  exposure.  There  was  a  main  effect  of  VX  on  activity,  with  VX  significantly 
reducing  total  horizontal  activity  (sum  of  all  non-rearing  movements)  in  VX-treated  mice  (F  (2,  67)  = 
7.09;  p<0.01;  Figure  4).  Florizontal  activity  was  reduced  by  both  0.2  LD50  VX  and  0.4  LD50  VX,  relative 
to  control  mice. 


Open  Field  Test:  Males  Open  Field  Test:  Females 


Figure  4.  Mice  were  placed  in  a  novel  open  field  environment  for  15  min. 
Photocells  embedded  around  the  perimeter  of  the  open  field  measure  the 
animal’s  locomotor  and  rearing  behavior.  Male  (A)  and  female  (B)  mice 
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There  were  sex  differences  in  activity  levels.  Female  mice  had  more  total  distance  (F  (1,67)  =  6.9; 
p=0.01),  and  a  greater  duration  of  movement  (F  (1,67)  =  4.7;  p<0.04),  while  male  mice  had  more  rearing 
behavior  (F  (1,  67)  =  14.3;  p<0.001).  In  addition,  female  mice  had  greater  thigmotaxis  (F  (1,  67)  =  10.9; 
p=0.002),  relative  to  male  mice.  Thigmotaxis  or  wall-following  is  considered  a  measure  of  anxiety  since 
it  is  reversed  by  anxiolytics  (e.g.  [5]),  and  consists  of  closely  walking  along  the  perimeter  of  the  open 
field,  in  the  darker  areas  of  the  open  field. 

There  was  no  significant  difference  between  groups  in  body  weight  throughout  the  course  of  the 
study.  With  time,  all  mice  had  significantly  increased  body  weight,  regardless  of  treatment  group. 

DISCUSSION 

We  observed  that  mice  exposed  repeatedly  to  0.4  LD50  VX  had  dramatically  less  total  activity  and 
ambulatory  activity  than  control  mice  in  the  weeks  after  repeated  exposure  to  sub-convulsive  levels  of 
VX.  This  large  inhibition  of  motor  activity  was  prolonged,  gradually  returning  to  that  of  control  by  the 
6th  week  following  the  last  VX  exposure.  There  was  variability  in  individual  motor  response  to  repeated 
exposure  to  VX,  with  some  mice  more  affected  than  others.  In  guinea  pigs,  Dr.  Petras  (personal 
communication)  observed  neuropathology  in  some,  but  not  all  guinea  pigs  repeatedly  exposed  to  0.4LD50 
sarin.  These  current  findings  of  prolonged  inhibition  activity  need  to  be  replicated  with  larger  sample 
sizes  and  additional  doses  should  be  evaluated.  In  addition,  identifying  the  time  point  at  which 
hypoactivity  first  occurs  is  important  to  determine,  since  this  may  have  implications  for  human 
performance  if  exposed  for  prolonged  periods  of  time  to  analogous  dose  levels. 

We  also  observed  that  male  and  female  mice  had  less  activity  in  a  novel  environment  (open  field 
test),  relative  to  control,  when  tested  1 0  days  following  the  last  VX  exposure.  The  inhibition  of  activity 
by  VX  in  the  15  min  open  field  test  was  not  as  large  the  inhibition  we  observed  in  the  home  cage.  We 
also  observed  that  female  mice  had  more  thigmotaxis  than  male  mice  in  the  open  field  test,  but  that  this 
parameter  was  not  affected  by  VX.  Thigmotaxis  is  considered  a  measure  of  anxiety. 

We  previously  observed  that  body  temperature  was  reduced  following  the  last  exposure  to  a  sub- 
convulsive  dose  of  VX  (unpublished  data),  which  may  be  linked  to  the  reduced  motor  activity.  However, 
the  reduced  activity  continued  for  much  longer  than  the  reduced  body  temperature,  the  latter  of  which 
returns  to  normal  by  24  hr  following  the  last  exposure.  Clark  et  al.  (2002)  observed  inhibition  of  the 
acoustic  startle  response  (ASR)  in  129/Sv  mice  exposed  repeatedly  to  0.4LD50  VX  [6],  However,  the 
effects  of  VX  on  startle  were  transient,  only  occurring  shortly  after  the  exposures.  Transient  effects,  such 
as  inhibition  of  ASR  and  reduction  in  body  temperature  may  result  from  cumulative  toxicity.  For  both  of 
these  studies,  0.4LD50  VX  was  administered  daily  and  clinical  signs  appeared  following  the  5th  exposure 
and  again  following  the  9th  and  10th  exposure.  Since  mice  were  not  exposed  on  the  weekend,  there  would 
be  less  cumulative  toxicity  after  the  6th  exposure  than  following  the  5  th  exposure. 

Acute  exposure  of  rats  to  sub-toxic  levels  of  soman  reduced  motor  activity  in  the  open  field  for  at 
least  1  hr  after  exposure  [17].  In  mice,  activity  levels  were  reduced  24  hr,  but  not  7  days,  following  acute 
exposure  to  sub-toxic  levels  of  soman  [2],  The  doses  tested  led  to  ataxia  and  tremors,  but  rarely 
convulsions.  Clinical  signs  of  tremors  were  gone  by  24  hr  after  exposure,  but  hypoactivity  continued.  In 
the  study  by  Bailie  et  al.,  activity  in  mice  was  assessed  by  total  distance  traveled  in  the  elevated  plus 
maze,  as  an  index  of  locomotor  and  exploratory  activity.  Our  current  findings  suggest  that  repeated 
exposures  to  OP’s  may  lead  to  longer  lasting  motor  inhibition. 

Much  less  is  known  about  neurobehavioral  effects  of  repeated  exposure  to  organophosphorus 
compounds.  Ali  et  al.  observed  that  repeated  exposure  (10  days)  to  dichlorvos  (i.p.)  reduced  motor 
activity  in  the  open  field  [1].  Both  rearing  and  ambulatory  activity  were  reduced,  with  partial  recovery  by 
the  10  day  of  exposure.  Time  periods  of  recovery  following  exposure  were  not  discussed.  However, 
Socko  et  al.  did  not  observe  changes  in  performance  in  the  open  field  following  repeated  exposure  to 
dichlorvos  [22].  In  our  study,  inhibition  of  motor  activity  following  repeated  exposure  to  the  more  toxic 
chemical  VX  continued  for  weeks  after  exposure.  Note,  that  in  our  study,  mice  were  tested  only  one  time 
in  the  open  field,  to  use  this  test  as  a  novel  environment.  In  the  experiments  by  both  Ali  et  al.  and  Socko 
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et  al.,  animals  were  tested  in  the  open  field  multiple  times,  which  can  affect  their  performance,  reducing 
activity  as  animals  habituate  to  the  test  situation,  and  the  test  loses  its  “novelty”. 

It  is  unclear  whether  the  effects  of  repeated  VX  exposure  on  motor  activity  are  mediated  centrally  or 
by  effects  on  the  neuromuscular  junction.  In  macaques,  acute  exposure  to  soman  resulted  in  skeletal 
muscle  changes  10  days  following  the  exposure  [3].  These  skeletal  changes  were  mild  but  occurred 
regardless  of  whether  the  macaques  displayed  convulsions.  In  rats,  soman  induced  necrosis  in  a  small 
number  of  myofibers  in  muscle  bundles  that  had  fasciculations,  but  these  effects  only  lasted  7  days  [9].  In 
another  study  in  rats,  ultrastructural  damage  was  revealed  at  and  near  the  motor  endplates  and  was 
observed  for  up  to  3  weeks  after  acute  soman  exposure  [9,19].  Much  less  research  has  been  done  on  the 
neurobehavioral  effects  of  repeated  OP  exposure.  There  is,  however,  some  evidence  that  long  term 
neuromuscular  effects  may  continue  for  weeks  after  a  chronic  OP  exposure,  as  measured  by  EPP  jitter  [7]. 

CONCLUSION 

The  current  findings  of  prolonged  hypoactivity  following  repeated  exposure  to  sub-convulsive  levels 
of  nerve  agent  VX  have  important  implications  for  potential  operational  performance  deficits  following 
repeated  CWNA  exposure  in  humans. 
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